According to a new empirical law, the transition temperature to superconductivity is high in copper oxides because their metallic states are as viscous as is permitted by the laws of quantum physics.
O lfaction, once thought to be a primitive sense, is now recognized as an elaborate sensory system that deploys a large family of odorant receptors to analyse the chemical environment. Interactions between these receptors and their diverse ligands translate the world of odours into a neural code, but the mechanisms governing this complex process are not totally understood. More than a decade after the discovery of odorant-receptor genes in rodents 1 , a study by Hallem, Ho and Carlson 2 , reported in Cell, now provides a missing link between the molecular biology of odorant receptors and the physiological properties of sensory neurons.
Odorant-receptor proteins are exposed to the outside world on the membranes of sensory neurons. Interaction of a receptor with an odorant ligand results in a biochemical signal inside the cell that ultimately controls the generation of electrical impulses. These action potentials are transmitted down the axon of the sensory neuron to the brain, where they are integrated with other inputs. However, the mechanisms that tailor this transduction process to produce responses that are specific to particular odours are not completely understood. For example, is odorant specificity directed solely by the odorant receptor, or does it depend on other proteins? Such questions would normally be tackled by performing experiments in which the genes for the receptors are expressed in artificial systems 3 , but odorant receptors have proven notoriously reluctant to submit to this approach. However, odorant-receptor genes can be functionally expressed in their natural environment, the olfactory sensory neuron 4 . Hallem and colleagues 2 therefore played a genetic trick and used a type of olfactory sensory neuron called ab3A as an expression system in the intact fruitfly, Drosophila. They deleted the genes for the natural odorant receptors from ab3A, and replaced them with genes encoding other odorant receptors,one gene at a time (Fig.1) . They then measured the action potentials generated by the ab3A neurons in response to a panel of different scents.
Removing the ab3A receptors abolished all odour sensitivity in the neurons 5 , but in many cases expression of a single odorant receptor reinvigorated the neurons. Different types of sensory neuron were previously defined according to their physiological responses, but the identity of the odorant receptors expressed on each neuron type remained a mystery.In the genetically altered ab3A neurons, many receptors produced responses that were essentially indistinguishable from those displayed by one of the previously defined neuron types. The simplest explanation for this striking result is that the functional properties of a sensory neuron are determined by the receptor protein, and that each sensory neuron expresses only one functional odorant receptor, which is consistent with results in rodents 6 .Some of the receptors yielded responses that did not match known response spectra, and thus may be expressed in unknown neuron types. In normal sensory neurons, most responses are excitatory, but some are inhibitory. Hallem et al. 2 found that the ab3A neuron could respond with either excitation or inhibition to a given odorant, depending on which odorant receptor was expressed. Moreover, the same receptor stimulated by different scents could mediate both excitatory and inhibitory responses, and the odorant receptor determined the neuron's spontaneous action-potential firing rate. It thus seems that different response directions are not mediated by different transduction mechanisms, but that odorant receptors can signal in both directions. The authors propose a model in which a receptor exists in equilibrium between an active and an inactive state that is shifted gradually in either direction by ligands. So we will need to refine our thinking, and view odorant receptors as bidirectional chemical detectors.
The chemical information that can be sensed by an organism is determined by the receptive range of its odorant-receptor family. Consider the analogy of colour vision: in humans, three types of photoreceptor span the visible spectrum and allow colour discrimination. Knowing the wavelength spectrum of each photoreceptor type therefore provides insight into how colour is coded into neural signals.By comparison,the olfactory system is much more complex: humans have roughly 350 odorant receptors, and Odorant receptors make scents is connected to the superfluid densitymany copper-oxide superconductors are already known to obey Uemura's law, in which the two quantities are simply proportional 4, 5 (all equations are given in Fig. 1 ). Instead, Homes' law relates the superfluid density to the product of transition temperature, conductivity (which is the inverse of resistivity) in the normal state at the transition temperature, and a universal constant (which has a value of roughly 40).Homes'law is valid when Uemura's law fails,even for conventional superconductors. The conductivity term reflects the capacity of the normal state to dissipate electrical currents, but why is it this quantity that ties the zero-temperature state (the superfluid density) to the transition temperature? Even for an expert this is puzzling. Although Homes' law can be rationalized for both high-temperature 2 and conventional 6, 7 superconductors, the kinds of argument needed in each case are utterly different.
Homes'law has a deep but simple meaning in the case of high-temperature superconductivity (in conventional superconductors it is much more complicated). Its subtlety is clear through the straightforward technique of dimensional analysis: both sides of the equation should be expressed in the same units, and these units are inverse seconds squared, or s
ǁ2
. Starting on the left-hand side of Homes' equation (Fig. 1) , what has the strength of the superconductor, its superfluid density,to do with time? Well,electromagnetic radiation cannot enter a superconductor when its frequency is lower than the 'superconducting plasma frequency'(which has units of s
ǁ1
). The square of this quantity is a quantitative measure of the strength of the superconductor (it can be expressed in terms of the density of electrons participating in the frictionless currents) and has units of s
ǁ2
. Turning to the right-hand side of Homes' equation, the normal-state conductivity quantifies dissipative electrical transport. This conductivity can also be related to a plasma frequency, but this time the plasma frequency is associated with the density of mobile electrons in the normal state; another poorly understood empirical relation, Tanner's law 8 , insists that in high-temperature superconductors the density of mobile electrons in the normal state is four times the density in the superconducting state. In the normal state, there is another timescale, as well as the plasma frequency: it takes a characteristic period of time (the relaxation, or inelastic-scattering,time) to dissipate electrical currents into heat. So conductivity has the dimension of inverse seconds,corresponding to the square of the plasma frequency multiplied by the relaxation time (Fig.1) .
To balance Homes' equation dimensionally, we need one more factor on the righthand side with dimension inverse seconds. This must come from the transition temperature. Temperature is easily converted into rodents have more than a thousand. A complete characterization of the repertoire of olfactory receptive ranges will require measurement of the responses of all receptors to all possible ligands. Drosophila seems to be the best model for such a venture because it has only about 60 odorant receptors 7 . These receptors are divided between two distinct chemosensory organs, the antenna and the maxillary palp. In their study 2 , Hallem and co-workers have characterized 31 of the 32 receptors expressed in the antenna. So perhaps the greatest merit of their work is its comprehensiveness: it describes, in remarkable detail, the receptive ranges of almost an entire chemosensory organ, albeit to a (necessarily) limited set of odours.
Most of the odorant receptors tested responded to a relatively broad, but nevertheless specific, spectrum of ligands. This is consistent with the response properties of sensory neurons in other organisms and with the tuning of neurons in the first olfactory processing centre in the brain. Precise odour information is therefore encoded combinatorially in activity patterns across multiple neurons. This notion was formulated more than 50 years ago 8 and has since been examined in detail in many organisms 9 . The study by Hallem et al. 2 provides a molecular basis for this view of olfactory coding. Not only is this necessary for understanding the link between odorant receptors and the neural output of sensory neurons, but it will also allow further studies of receptor-ligand interactions -interactions that ultimately constrain olfactory coding strategies and constitute the keyholes through which the brain views the world of odours. 3 report their discovery of a simple but counterintuitive empirical law for superconductors, a law that is so general it applies equally well to conventional and to high-temperature superconductors. The law (let's call it Homes' law) states that transition temperature is proportional simply to the strength of the superconducting state at zero temperature (the superfluid density) multiplied by the quantity that expresses how efficiently electrical currents are dissipated in the normal state above the transition temperature (the electrical resistivity). The ramifications of this law for the copper-oxide superconductors are interesting. Although their transition temperatures are high, the superfluid densities of these superconductors are much smaller than those of the conventional superconductors. Why are the hightemperature superconductors so successful at fighting heat? Homes' law implies that it is because their normal states are extremely dissipative. In fact, according to the laws of quantum physics, it is impossible for any form of matter to dissipate more than these metals do; their transition temperatures are as high as they can be, given the ineffectual nature of the zero-temperature state.
Homes'law is exactly the kind of thing that physicists like: it is simple, quantitative, general, but at the same time surprising. It is no surprise, though, that transition temperature
